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Abstract The cellular myo-inositol (Ins) pool is impor-

tant to many metabolic and signaling pathways in plants.

Ins monophosphatase (IMPase; EC 3.1.3.25) activity is

essential for the de novo synthesis of myo-Inositol (Ins),

and for recycling of Ins in Ins(1,4,5)P3. However, proteins

encoded by at least one family of IMP genes also have

L-galactose-1-P phosphatase activity important to ascorbic

acid synthesis, indicating a bifunctionality that links these

two branches of carbon metabolism. As part of research

into the regulation of Ins synthesis and supply during seed

development, the barley IMP-1 gene and gene products

were studied. The 1.4 kb barley IMP-1 promoter contains

one low temperature response element (RE), two heat

shock REs, one gibberellin and two auxin REs, and five

sugar REs. Barley IMP-1 is expressed in all tissues

assayed, and expression levels were not greatly altered by

abiotic stress treatments. Reduced use of Ins for Ins P6

synthesis in developing seed of barley low phytic acid (lpa)

mutants results in Ins accumulation, and IMP-1 expression

is reduced in proportion to the increase in Ins level. The

barley recombinant enzyme had a lower Km, indicating

higher affinity, for D/L-Ins(3)P1 (Km = 9.7 lM) as com-

pared with reported Km (Ins P1) values for other eukaryotic

IMPases (43–330 lM) or with a reported Km (L-Gal-1P) of

150 lM for a kiwifruit (Actinidia deliciosa) enzyme. These

and other data indicate that the barley IMP-1 gene is reg-

ulated at least in part in response to Ins metabolic needs,

and that the enzyme it encodes displays catalytic properties

well suited for a role in Ins synthesis, in addition to other

roles as an L-gal-1-P phosphatase important to ascorbate

synthesis, or as an IMPase important to Ins(1,4,5)P3 signal

recycling.
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Abbreviations

CTAB Hexadecyltrimethylammonium bromide

HEPES N-2-Hydroxyethylpiperazine-N0-2-ethane-

sulfonic acid

Ins myo-Inositol

lpa Low phytic acid

Ins P6 myo-Inositol-1,2,3,4,5,6-hexakisphosphate

IPTG Isopropyl b-D-thiogalactoside

MIPS myo-Inositol-3-phosphate synthase

IMPase myo-Inositol monophosphatase

The barley IMP-1 cDNA and protein sequence accession number is

AY460570. Accession numbers for the barley genomic sequence

including promoter and coding region are DQ145527 and DQ145528.

These sequences will be available in GenBank upon the publication of

this paper.
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Introduction

myo-Inositol (Ins), the six-carbon cyclitol derivative of

glucose, represents a cellular pool essential to Ins phos-

phate and phosphatidylinositol phosphate pathways

important in housekeeping and signaling in eukaryotic

cells. The de novo biosynthesis of Ins is via a two-step

pathway first described by Chen and Charalampous (1966).

It is catalyzed by D- myo-inositol-3-P1 synthase (MIPS,

EC 5.5.1.4), which converts glucose-6 -phosphate to

D-Ins(3)P1,1 which is then converted to Ins by Ins mono-

phosphatase (IMPase, EC 3.1.3.25).

The cellular Ins pool is important in several functions

unique to plant biology (Loewus and Murthy 2000). Seeds

store 70 ± 10% of their total P as Ins P6 (‘‘phytic acid’’),

and thus seed Ins P6 represents a major bottleneck in P flux

through the agricultural ecosystem (Raboy 2007). Several

lines of evidence indicate that de novo synthesis of Ins,

catalyzed by MIPS and IMPase, and its conversion either to

PtdIns or back to Ins(3)P1, contributes to Ins P6 accumu-

lation during seed development (Hitz et al. 2002; Shi et al.

2005; Yoshida et al. 1999). Additional Ins-requiring

functions unique to plant cells include: oxidation to

D-glucuronic acid, catalyzed by Ins oxygenase (MIOX),

important to the biogenesis of uronosyl and pentosyl units

of cell wall polysaccharides (e.g. pectin and hemicellu-

loses); conjugation to form Ins-auxin (IAA), an inactive

form of IAA that may facilitate the auxin long-distance

transport from shoots to roots within the plant (Cohen and

Bandurski 1982); methylation to D-ononitols and D-pinitols,

involved in osmoprotection and oxygen radical scavenging

(Ishitani et al. 1996; Smirnoff and Cumbes 1989).

Ins and molecules derived from it are involved in stress

responses in a number of species. In response to drought,

Ins increased significantly in both leaves and stems in

Vigna umbellata (Wanek and Richter 1997). A cytosolic

MIPS is up-regulated by the salinity conditions in the

common ice plant (Ishitani et al. 1996; Nelson et al. 1998).

Recently a novel salt-tolerant MIPS, encoded by the

PINO1 gene, was isolated from the halophytic wild rice,

Porteresia coarctata (Roxb.) Tateoka (Majee et al. 2004).

Ins-o-methyltransferase (IMT1) mRNA is also up-regu-

lated under the salinity condition in the common ice plant

(Ishitani et al. 1996; Nelson et al. 1998). The proposed

pathway in response to abiotic stress is that MIPS and

IMPase convert glucose-6-P to Ins, IMT1 converts Ins to

D-ononitol which is further converted to D-pinitol by

D-inositol epimerase. D-ononitol and D-inositol serve as

osmoprotectants and oxygen radical scavengers. IMPase

may also function in ‘‘signal termination’’; recycling Ins

ultimately derived from Ins(1,4,5)P3 produced during

signal transduction.

As an outcome of interest in mammalian brain IMPase

as the site of action for Li+ bipolar disorder therapy

(Berridge et al. 1989), the first IMPase-encoding sequence

was isolated from bovine brain tissue (Diehl et al. 1990). A

subsequent study of mammalian (bovine, human, rat) brain

IMPase found that it also has galactose 1-P phosphatase

activity, with similar velocity against Gal-1-P as against

Ins(1)P1 (Parthasarathy et al. 1997). During more recent

studies of the ascorbic acid biosynthetic pathway in plants,

an L-Gal-1-P phosphatase was purified from kiwifruit

(Actinidia deliciosa), and found to be encoded by a plant

homologue of the mammalian IMP (Laing et al. 2004). It

was then shown that an Arabidopsis low-ascorbate locus,

VTC4, encodes an L-Gal-1Pase/IMPase (Conklin et al.

2006). Thus, in both mammalian and plant tissues, the

protein encoded by IMP genes might be bifunctional,

linking Ins and galactose metabolism.

Phylogenetic analyses (Torabinejad and Gillaspy 2006)

indicate that plant genomes typically contain one to several

copies of IMPase-encoding IMP genes ancestrally related

to, and encoding proteins with similar properties to the

mammalian IMP. In addition, plant genomes also typically

contain one or more families of IMPase-encoding

sequences more related to prokaryotic IMPases than to the

mammalian IMP which have been referred to as ‘‘IMP-

like’’ genes (Torabinejad and Gillaspy 2006). Studies and

comparisons of plant IMPase biochemical and catalytic

properties are relatively limited in number (Gillaspy et al.

1995; Islas-Flores and Villaneuva 2007). As part of the

study of Ins metabolism in grain crop species, MIPS genes

from barley (Hordeum vulgare L.) and maize (Zea mays

L.) were cloned and chromosomally mapped (Larson and

Raboy 1999). Here are reported the initial characterization

of the genomic sequence and expression of the barley

genome’s single IMP-1 gene, and the catalytic properties of

the enzyme it encodes.

Materials and methods

Plant materials

All studies were conducted with the barley cv. Harrington

and four near-isogenic lines (isolines) in the Harrington

genetic background, each homozygous for one of four barley

low phytic acid (lpa) single-gene recessive alleles; lpa1-1,

lpa2-1, lpa3-1 and M955. These recessive alleles were

induced in the Harrington genetic background following

chemical mutagenesis, as described (Dorsch et al. 2003).

Each allele was then backcrossed to non-mutagenized

1 With the exception of the use of ‘‘D/L’’ mixtures used in enzyme

assays, all Ins phosphates will be referred to here using the ‘‘D’’-

numbering convention; D-Ins(3)P1 is identical to L-Ins(1)P1.
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Harrington, and following the BC4 (lpa1-1), BC3 (lpa2-1 and

lpa3-1) and BC2 (M955), isolines homozygous for a given

allele were identified. Plants were gown in a routinely

maintained greenhouse.

Total RNA extraction, mRNA purification and cDNA

library construction

Plant materials were frozen quickly in liquid N2 after

collection and stored at -80�C until use. Total RNA for

quantitative real-time (RT)-PCR was isolated from barley

leaves, roots and early-stage developing seeds (estimated to

be 10 days after pollination, or 10 DAP, based on the date

of the barley head emergence), respectively. RNA for

quantitative real-time RT-PCR was treated with DNase

(Ambion Inc., Austin, TX, USA). Total RNA for expres-

sion library construction was isolated from pooled wild

type seeds collected at the early, middle and later stages of

development, ranging from 7 DAP to 35 DAP, using the

guanidine-based method (Chirgwin et al. 1979). The RNA

integrity was verified by agarose gel electrophoresis. The

mRNA was enriched using the Poly(A)Purist kit (Ambion

Inc., Austin, TX, USA). Double-stranded cDNA was syn-

thesized, and an expression library was constructed using

SMART cDNA Library Construction System (BD Biosci-

ences Clontech, Palo Alto, CA, USA) according to the

manufacturer’s recommendation. Briefly, the first and the

second strand cDNA syntheses were directed by Sfi IB-

Oligo-d(T) and Sfi IA-oligo primers, respectively. cDNA

less than 500 bp in length was removed with CHROMA

SPIN-400 column. The double stranded cDNA was

digested with restriction enzyme Sfi I to produce two

asymmetric ends that were directionally ligated with the

Sfi-digested LamdaTripleEx2 vector. The recombinant

lambda phage DNA was packaged using Gigapack III Gold

Packaging Extract (Strategene, La Jolla, CA, USA).

Approximately 106 plaque forming unit (pfu) of the pri-

mary phage library was converted to plasmid library hosted

in E. coli strain BM25.8.

Expression library screening, IMP cDNA isolation

and sequencing

Forward primers located in the vector and reverse primers

located in the putative barley IMP 30-UTR were used to

amplify the IMP 50-UTR, coding region and partial 30-UTR

from the cDNA library. The completed 30-UTR and the

polyA region was amplified using a barley IMP-specific

primer in the coding region, and a reverse primer in the

vector (Table 1). PCR reactions contained 0.4 lM of each

primer, 0.4 mM dNTPs, 0.1 lg of library plasmids, and

1 unit of pfx DNA polymerase (Invitrogen Corp.,

California, USA). The PCR program was conducted with

35 cycles of denaturing at 95�C for 30 s, annealing at 57�C

for 47 s, and extension at 68�C for 2 min. The PCR

products were gel-purified using Qiagen gel purification kit

(Qiagen, Germany), cloned in the pCR4-TOPO cloning

vector (Invitrogen Corp.), and sequenced using the BigDye

method by Sequetech Corp. (California, USA).

The complete IMP 50-sequence was determined by rapid

amplification of cDNA ends (RACE) using the RLM-

RACE kit (Ambion Inc., Austin, Texas, USA) with

Table 1 Primers and adapters for amplification of barley IMP-1 cDNA and genomic sequences

Target sequence description;

size

Priming

direction

Sequence (50 ? 30) Oligo

position

CDNA

Partial 50-UTR ? coding

region ? 30-UTR; 1,056 bp

Forward GGAAGCCATGGCGGAGGAGCAGTTCCTG -7

Reverse CGACTCACTATAGGGCGAATTGGCCAAGTG In vector

50-RACE RNA adapter N/A GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA N/A

50-RACE reverse transcription Reverse CGTCTCCTCGCCGATGAACTTGTGGTCC 207

50-RACE PCR Forward CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG N/A

Reverse CTTGTGGTCCGGGTAGAGCATCCGGAGGTG 159

Genomic

50-Region; 524 bp Forward GCAAGCCATGGCGGAGGAGCAGTTCCTG -7

Reverse GTGGTGCCATCGAGGGGGTCGACTATCCAG 288

Middle region; 429 bp Forward GTGTGCGTCTCGATTGGCCTCACCATTGG 314

Reverse CCTACCTCTGTCACCATAAGAGCCTTCACC 490

30-Region; 807 bp Forward GAGACAAGTCCACTTTGGATGATACAACC 450

Reverse AGGGGAGAATTGTAGCTTACGAGCCATTTCA 883

Primers for genomic sequences were designed based on putative exons in the cDNA sequence. Oligonucleotide position is relative to translation

initiation codon of the IMP-1 cDNA. N/A, not apply
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modification. A RACE RNA adapter (50-RACE RNA

Adapter, Table 1) was ligated to the 50-end of barley

mRNA. One IMP-specific primer (50-RACE Reverse

Transcription primer, Table 1) was used to prime tran-

scription with SuperScript III Reverse Transcriptase

(Invitrogen) at 55�C. The 50-RACE PCR Forward primer

(Table 1) and an IMP-specific down-primer (50-RACE

PCR Reverse Adapter, Table 1) were used to amplify the

complete IMP 50-UTR in a PCR reaction. The PCR prod-

ucts were gel-purified and sequenced.

IMP cDNA sub-cloning, protein induction, purification,

and catalytic properties

The IMP coding region was PCR-amplified using pfx DNA

polymerase (Invitrogen) and the IMP cDNA in pCR4-

TOPO vector as a template, and ligated to pET-28b(+)

vector (Novagen, Madison, Wisconsin, USA) at the NcoI

site, such that it has a C-terminus 69 His tag that is co-

expressed. The plasmid was transformed into E. coli strain

BL21(DE3). The junction regions and reading frames were

confirmed by sequencing. The E. coli cells were cultured

until an OD600 reached 1.0, and then IPTG was added to a

final concentration of 0.4 mM. The cells were allowed to

grow overnight and were harvested by centrifugation at

3,000g. The cell pellet was resuspended and homogenized

in 50 mM Tris pH 7.5 containing 500 mM NaCl while on

ice. The crude lysate from the IPTG-induced cells was

loaded onto a Ni-NTA column pre-equilibrated with an

equilibration buffer containing 50 mM Tris pH 7.5 con-

taining 500 mM NaCl. The column was washed with five

column-volumes of equilibration buffer containing 20 mM

imidazole, and the recombinant barley IMPase was eluted

using 50 mM Tris pH 7.5 containing 500 mM NaCl and

250 mM imidazole. The eluate was concentrated using a

centricon-10 centrifugation filter, and the concentrate was

dialyzed against three changes of 50 mM HEPES pH 7.5

with 10% glycerol.

IMPase activity assays were conducted in 300 ll reac-

tion mixtures containing 50 mM HEPES pH 7.5, 500 lM

D/L-Ins(3)P1 (Sigma), 25 nCi 14C-labeled D-Ins(3)P1

(Amersham Life Sciences, Piscataway NJ), 3 mM MgCl2
and 1.0 lg purified barley IMPase. Protein concentrations

were determined by the method of Bradford (1976) with

bovine serum albumin as standard. The reaction was

incubated at 37�C for 10 min, and stopped with the addi-

tion of 50 ll of 10% TCA. Reaction substrate and products

were fractionated and detected using an anion-exchange

HPLC equipped with a flow-through scintillation counter,

as follows. Aliquots (100 ll) of assay mixture were loaded

onto a Waters (Waters Inc., Millford, MA, USA) strong

anion exchange (SAX) column (4.6 9 150 mm) and eluted

with a 20 min gradient of 1.0–50 mM K2HPO4. The 14C-

labeled D-Ins(3)P1 and/or the 14C-labeled Ins was detected

in column effluent using a Flo-One\Beta Radio-Chromo-

tography Detector (Packard Instrument Company, Downers

Grove, IL, USA). To assay inhibition of IMPase by lithium

chloride, the standard reaction mixture was adjusted to

contain 3.0 mM LiCl.

The assays to determine the quantitative kinetic prop-

erties of IMPase were according to Webb (1992). Briefly,

the assays were carried out in a coupled assay system with

reaction mixtures of 1 ml containing varying concentra-

tions of D/L-Ins(3)P1 (0.002–400 lM), 3 mM MgCl2,

100 lM 2-amino-6-mercapto-7-methylpurine riboside

(MESG), 0.1 unit of purine nucleotide phosphorylase and

10 nM IMPase. The assay was monitored by measuring the

time-dependent formation of the chromophoric product,

2-methyl-6-mercapto-7-methylpurine, using a Beckman

DU-650 spectrophotometer set at 360 nm. The assays to

quantitate the inhibition effects of different lithium con-

centrations were carried out in the same coupled assay

system as described above with the inclusion of varying

amounts of LiCl (0–4 mM).

Genomic DNA extraction, sequencing and Southern

blot analysis

Genomic DNA was extracted from barley leaves using the

CTAB method (Dellaporta et al. 1983). Genomic DNA

was used for Southern blot analysis, and used as templates

to amplify partial IMP genomic sequence. Primers for

PCR-amplification of partial IMP genomic sequence

obtained from leaf DNA are listed on Table 1. These

primers were designed based on the IMP cDNA sequence.

The PCR reactions contained 0.4 lM of each primer,

0.4 mM dNTPs, 500 ng of genomic DNA, and 2.5 U of

JumpstartREDTaq DNA polymerase (Sigma). The PCR

program was as follows; 35 cycles of denaturing at 94�C

for 3:30 min, annealing at 57�C for 47 s, and extension at

72�C for 2 min. The PCR products were gel-purified using

a Qiagen gel purification kit, and ligated to a pCR4-TOPO

vector and transformed into E. coli using a pCR4-TOPO

cloning kit (Invitrogen). The identity of the genomic

fragment was verified by sequencing. The alignment

between the genomic sequence and cDNA sequence was

conducted using the Spidey program (www.ncbi.nlm.

nih.gov).

For Southern blot analysis, an 800 bp partial barley IMP

genomic sequence at the 30-region of the IMP genomic

gene was labeled with (a-32P)dCTP using the Megapriming

DNA Labeling System (Amersham company, UK). Geno-

mic DNA was digested with BamH1, DraI, EcoRV, NcoI,

SacI and SpeI, respectively, and fractionated in a 0.8%

agarose. The Southern blot and hybridization were

conducted according to Sambrook et al. (1989).
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BAC library screening, full-length IMP genomic

sequence and promoter sequence isolation

Barley genomic library (BAC) filters were purchased from

Clemson University Genomics Institute (CUGI, www.

genome.clemson.edu), and hybridized using the same

probe as used for the Southern blot analysis. The hybrid-

ization-positive BAC clones were purchased from CUGI.

The BAC clone DNA was extracted, and PCR was con-

ducted to confirm their identities. Three PCR products were

amplified, cloned into pCR4-TOPO (Invitrogen) and

sequenced. The sequences of these three PCR products

were identical to those amplified from leaf DNA template.

One PCR-positive BAC clone was sequenced for the IMP

promoter and coding region. The initial BAC sequencing

primers were designed based on the PCR products, and

primer walking was then performed (Sequetech, Inc.).

Real-time RT-PCR

For the quantitative RT-PCR, primers were designed using

Primer Express Software V2.0 (Applied Biosystems, Foster

City, CA). The first strand cDNA was synthesized by

transcriptase III (Invitrogen) in a 20 ll reaction containing

2 lg total RNA and 2.5 lM dNTPs according to the

transcriptase III User Manual. Two out of the 20 ll of

the first strand reaction was used as templates to amplify

the second strand cDNA in a 50 ll reaction containing

25 ll of 2X SYBR Green I PCR Mix (Qiagen) and 2 lM

primers in 7000 Sequence Detection Systems (Applied

Biosystems). Passive dye Rox in the SYBR Green PCR

Mix serves as an internal reference to adjust pipeting

errors. A partial IMP cDNA was amplified using a forward

primer 50-GTGGATTTGGTGACGGAGACGGACAAGGC

and a reverse primer 50-AGAGAAATAAGTTATTCAGC

TTGCATCTC. A partial MIPS cDNA was amplified using

a forward primer 50-ATCTCAAAGAGCAACGTGGTG

GATGACATG and a reverse primer 50-TCACTTGTA

CTCCAGGATCATGTTGTTCTC. A partial a-tubulin

cDNA was amplified using a forward primer 50-AGA GAT

CGATCGAGAGGCAACACTCTCCGT and a reverse

primer 50-TCACTTGTACTCCAGGATCATGTTGTTCTC,

and used as an internal control for the quantification of IMP

and MIPS mRNA levels in the real-time PCR. The cycling

program was conducted with 40 cycles of denaturing at 95�C

for 15 min, annealing at 57�C for 30 s, and extension at 72�C

for 1 min. A validation test was performed: b = 0.03

(b\ 0.1 passes the test). The relative mRNA levels were

normalized to a-tubulin mRNA level, and calculated using

the 2-DDCt method (Livak and Schmittgen 2001). RT-PCR

products were fractionated in agarose gels to confirm their

identities. The single bands of expected size were purified

and sequenced.

Results

Isolation and characterization of IMP-1 cDNA

and protein

Blast searches against the barley EST database in GenBank

(www.ncbi.nlm.nih.gov) using tomato (Lycopersicon

esculentum L.) IMP cDNA (U39059, U39443 and U39444)

as templates identified several putative barley IMP ESTs,

including BM817370, BU966874 and AJ436586. Primers

designed based on these ESTs and primers located in the

library vector were used to amplify putative IMP cDNAs

from the library. A cDNA of 1,056 bp was amplified, and

sequenced. It consists of a 50-UTR, the coding region and

the complete 30-UTR and polyA region. This barley IMP-1

sequence codes for a protein of 267 amino acids which is

70–75% identical and 80–85% similar to tomato IMPs

(Fig. 1; Gillaspy et al. 1995; Styer et al. 2004).

The coding region of this putative IMP cDNA was sub-

cloned into pET28b(+) and the expressed recombinant

protein used for assays of catalytic properties. SDS PAGE

(Fig. 2) demonstrated that induction produced a single

band matching the expected size. Fractionation of the

Ni-NTA eluate confirmed the presence of purified IMP

(Fig. 2, Lane 3); a single band was found at approximately

37 kDa that appeared to be in excess as compared to the

empty vector (no IMP gene insert plasmid control; Fig. 2,

Lane 2). Also, the 37 kDa band was not found in E. coli

BL21(DE3) cells that contained the IMP-inserted plasmid,

but were not induced with IPTG (data not shown), an

indication that the expression of IMP only occurred upon

induction by IPTG. The presence of a 69 His tag at the

C-terminus of the open reading frame of the cloned barley

IMP allowed for further confirmation of the purified

IMPase by Western blotting (Fig. 2, Lane 4). The Anti-

His(C-Term) antibody detected a single band at 37 kDa

corresponding to the purified IMPase and confirmed that

this band contained the C-terminus 69 His tag.

Two assay systems were used to study the enzymatic

properties of the barley recombinant protein (Figs. 3, 4, and

Table 2). The first system assays directly for the conversion

of 14C-labelled Ins(3)P1 to 14C-labelled Ins, via fractionation

and detection of these compounds using anion-exchange

HPLC coupled to an in-line scintillation counter detector.

This method allows for quick and accurate separation and

detection with minimal handling, as compared with previ-

ously reported methods (Janczarek and Skorupska 2001;

Gillaspy and Gruissem 2001; Ragan et al. 1988). Using this

method, the barley recombinant enzyme was demonstrated

to have IMPase activity, in that it catalyzed the removal of

phosphate from Ins(3)P1 to yield Ins (Fig. 3a). At a con-

centration of 3 mM Li+, the activity of barley IMPase was

inhibited by approximately 50% (Fig. 3b).
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The barley recombinant IMPase was then further char-

acterized using a coupled enzyme assay for the release of

inorganic P resulting from IMPase activity; the released

inorganic P serves as one substrate for purine nucleotide

phosphorylase, which catalyzes the conversion of the

chromogenic substrate MESG to 2-methyl-6-mercapto-7-

methylpurine (Webb 1992). Using this assay the barley

recombinant enzyme was found to have a Km for D/L-

Ins(3)P1 as substrate (9.7 lM) that was 4- to 10-fold lower

than the previously reported values for recombinant human

and bovine IMPases or the E. coli SuhB enzyme (43–

75 lM), and 24-fold lower than the Rhizobium enzyme

(230 lM; Table 2). In comparison with these enzymes

barley IMPase has a substantially greater affinity for this

substrate, similar to that observed for the Synechocystis

enzyme (3.4 lM). However, for those cases where pub-

lished data allows for the calculation of kcat, the reported

kcat values for the human and bovine recombinant enzymes

were 19- to 20-fold greater than the observed value for the

barley recombinant enzyme (Table 2). As a result the kcat/

Km ratios for the human and bovine enzymes (0.56 and

0.26, respectively), are two- to fourfold greater than the

ratio observed for the barley enzyme (0.13), indicating that

its overall catalytic efficiency is reduced as compared with

the human and bovine enzymes. Finally, the coupled

enzyme assay was used to further investigate Li+ inhibi-

tion. Li+ inhibition increased with Li+ concentration

(Fig. 4) and the calculated Ki for Li+ was 3.84 mM, a

value approximately 10-fold greater than that observed for

the human and bovine recombinant enzymes (0.3 and

0.26 mM, respectively) but similar to one reported for a

Rhizobium leguminosarum IMP, 4.35 mM (Janczarek and

Skorupska 2001).

Characterization of IMP genomic structure

Using leaf DNA as template, and primers based on the

cDNA sequence, a structure of the barley genome’s IMP-1

was derived (Fig. 5a), and compared with that of the rice

and Arabidopsis genomes’ single IMPs, and tomato’s

LeIMP-1. Southern blot analysis using an 807 bp segment

as the probe demonstrated that the barley genome contains

one copy of the IMP gene (Fig. 5b). Both longer film

exposure to the filter and low stringency wash of the filter

showed one additional weak band in the EcoRV and Spel

digestion lanes (data not shown), indicating that the barley

genome contains at least one additional sequence with

limited homology to the canonical IMP sequence, possibly

representing an IMP-like gene.

To obtain promoter sequence and to bridge to gaps in

the genomic sequence, within introns 3 and 6, an IMP-1-

containing BAC clone (0190A09) was isolated and used for

sequencing. The starting sequencing primers were designed

based on the partial IMP-1 genomic sequences amplified

B arl yIM P-1 1 - -- -MA EEQ FLA AAV DAA KSA GE IIRK SF YLT KNV EHK GQV DLV TET DKA CED LIF NH LR
T oma toP 549 27 1 - -- --- MEE FVD VAI EAA KKA GE IIRH GF YKS KHI EHK GVV DLV TET DKA CEV LIF NH LK
T oma toP 549 28 1 M AQ NGS VEQ FLD VAV EAA KKA GE IIRE GF YKT KHV EHK GMV DLV TET DKA CED FIF NH LK
T oma toP 549 26 1 M AR NGS LEE FLG VAV DAA KRA GE IIRK GF HET KHV VHK GQV DLV TET DKA CED LIF NH LK

B arl yIM P-1 57 M LY PDH KFI GEE TSA ALG STD DL TYDP TW IVD PLD GTT NFV HGF PFV CVS IGL TIG KI PT
T oma toP 549 27 55 Q CF PSH KFI GEE TTA AAS GNF EL TDEP TW IVD PLD GTT NFV HGF PFV CVS IGL TIE KK PV
T oma toP 549 28 61 Q RF PSH KFI GEE TTA ACG -NF EL TDEP TW IVD PLD GTT NFV HGF PFV CVS IGL TIE KK PT
T oma toP 549 26 61 Q HF PSH KFI GEE TSA ATG -DF DL TDEP TW IVD PVD GTT NFV HGF PSV CVS IGL TIG KI PT

B arl yIM P-1 1 17 V GV VYN PIM NEL FTA VRG KGA FL NGSP IR TSP QNE LVK ALM VTE VGT KRD KST LDD TT NR
T oma toP 549 27 1 15 V GV VYN PII DEL FTA IYG RGA FL NGKS IR VSS ESQ LVK ALV ATE VGT NRD KAI VDA TT GR
T oma toP 549 28 1 20 V GV VYN PII DEL FTG IDG KGA FL NGKP IK VSS QSE LVK ALL ATE AGT NRD KLV VDA TT GR
T oma toP 549 26 1 20 V GV VYD PII DEL FTG ING KGA YL NGKP IK VSS QSE LVK SLL GTE VGT TRD NLT VET TT RR

B arl yIM P-1 1 77 I NK LLF KIR SIR MCG SLA LNM CG VACG RL DLC YEI GFG GPW DVA AGA LIL KEA GGF VF DP
T oma toP 549 27 1 75 I NR VIF KVR SLR MSG SCA LNL CG VACG RL DLF YEI EFG GPW DVA AGA LIV IEA GGL VL DP
T oma toP 549 28 1 80 I NS LLF KVR SLR MCG SCA LNL CG VACG RL DLF YEL EFG GPW DVA GGA VIV KEA GGF VF DP
T oma toP 549 26 1 80 I NN LLF KVR SLR MCG SCA LDL CW VACG RL ELF YLI GYG GPW DVA GGA VIV KEA GGV LF DP

B arl yIM P-1 2 37 S GD EFD LMA QRM AGS NGH LKD QF IEAL GD AS- --
T oma toP 549 27 2 35 S GS EFD LTA RRV AAT NAH LKD AF INAL NE SE- --
T oma toP 549 28 2 40 S GS EFD LTA RRV AAT NAH LKD AF IKAL NE --- --
T oma toP 549 26 2 40 S GS EFD ITS QRV AAT NPH LKE AF VEAL QL SEY VS

Identity (% )  Similarity (%)   pI      Mw (kD) 
         100                100                      4.99        29.0 
           75                  85                      5.28        28.7 
           74                  84                      5.34        29.1 
           70                  80                      5.34        29.6 

Fig. 1 Amino acid alignment of the IMPase encoded by barley IMP-1

as compared with the IMPases encoded by three tomato IMPs. The

amino acids were aligned according to Worley et al. (1998;

http://searchlauncher.bcm.tmc.edu/). The identities and similarities

were calculated according to Tatusova and Madden (1999;

www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html). The pI and Mw were cal-

culated according to Gasteiger et al. (2005; http://us.expasy.org/tools).

The three tomato IMP accession numbers are P5426, P5427 and

P5428 (Gillaspy et al. 1995). The barley IMP-1 sequence accession

number is AY460570

634 Plant Mol Biol (2008) 67:629–642

123

http://searchlauncher.bcm.tmc.edu/
http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html
http://us.expasy.org/tools


from the BAC clone (Fig. 6a). Primer walking was then

performed. The 1.4 kb promoter and the transcribed region

were sequenced (Fig. 6b).

Promoter sequence analysis (PLACE database tool;

Higo et al. 1999; www.dna.affrc.go.jp/PLACE/) showed

that there are two TATA sequences and one Initiator (Int)-

like sequence at -663, -989 and -181, respectively. Int is

a short pyrimidine-rich sequence, serves a function similar

to a TATA box, and controls the transcription initiation in a

TATA-less promoter in some species (Nakamura et al.

2002). Typically, TATA boxes contributing to transcription

initiation are located at an average of -25 to -30, and the

Int is overlapped over the initiation site at +1 (Nakamura

et al. 2002). Thus it is possible that the barley IMP-1

promoter is TATA-less and/or Int-less.

We mapped the IMP-1 transcription initiation sites and

determined the complete 50-UTRs using mRNA isolated

from leaves, developing seeds and roots, respectively. The

mapping results showed that IMP-1 transcription always

initiates at the same site, -181 from translation start code.

Thus the IMP-1 promoter appears to accurately control

transcription at one single site. Several putative cis-acting

elements were identified in the promoter region and the

50-UTR of the barley IMP-1 gene. These include elements

found in genes regulated by heat, auxin, salicylic acid, cold

and sugar. Thus the IMP-1 promoter sequence would

appear to provide target sequences for the regulation of

transcription. Significantly, six sugar-regulating elements

including five SUREs (sugar responsive, Grierson et al.

1994) and one CGACG element (Giuliano et al. 1988;

Hwang et al. 1998) are found in the promoter.

An alignment analysis of cDNA and the genomic DNA

sequence showed that the barley IMP-1 genomic coding

region consists of 10 exons and nine introns. All splice sites

are in accordance to the GT (50-end) and AG (30-end)

consensus rule (Fig. 6c). The sequence of intron 3 has not

been completed, but analyses conducted to date (GenBank

DQ145527 and DQ145528) indicate that this intron con-

tains at least 13,558 bp. Due to the large size of introns 3

and 6, the barley IMP-1 gene is much larger than those

found in other plant species. Alignment of the rice genome

sequence database’s single IMP genomic gene (AC133003)

and cDNA sequence (AK071149) showed 10 exons, sim-

ilar to that of the barley gene, but the longest intron (No. 6)

has 1,004 nts. Of the two tomato IMP-encoding genes for

which there is genomic sequence (Styer et al. 2004),

LeImp-2 contains a single uninterrupted ORF of 798 bp,

whereas LeImp-1 contains both exons and introns (12 and

11, respectively) spanning a total of 3,646 bp. Arabidopsis

genome contains one single IMP gene (At3g02870) which

has a structure similar to LeIMP-1.

Expression of MIPS and IMP-1 genes

In order to investigate spatial expression patterns of MIPS

and IMP-1 genes, we extracted RNA from roots, devel-

oping seeds and leaves of a non-mutant barley cultivar (cv.

Harrington) and conducted quantitative real-time RT-PCR

using a-tubulin as an internal control. The mRNA levels of

both MIPS and IMP-1 are higher in leaves than in devel-

oping seeds and in roots (Fig. 7a), suggesting that the

de novo biosynthesis of Ins is more active in leaves than in

developing seeds and in roots. A reasonable explanation is

that glucose-6-P, a photosynthesis product and the only

known substrate of MIPS, is most abundant in the photo-

synthetic source tissues (leaves). Ins produced by MIPS

and IMP-1 activity is then available for translocation to

sink tissues of a plant.

The synthesis of Ins P6 represents a sink for Ins during

seed development. Plants homozygous for barley low

phytic acid 1-1 (lpa1-1), lpa2-1, lpa3-1 or M955 produce

mature seed with reductions in phytic acid, as compared

with non-mutant wild-type, of *45%, *30%, *56% and

*94%, respectively (Dorsch et al. 2003). The block in Ins

P6 synthesis or accumulation conditioned by these

10

20
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40

kD           1            2            3             4 

37 kD 

Fig. 2 SDS PAGE and Western blot analysis of the expressed barley

recombinant IMPase. E. coli cells harboring barley IMP-1-containing

plasmids or an empty vector pET28b(+) were cultured, induced,

homogenized, and the supernatant fractionated on an Ni-NTA

column. The column eluate was then fractionated in with PAGE.

Lane 1, protein molecular weight markers (kDa). Lane 2, protein

obtained from induction of the empty vector. Lane 3, recombinant

IMPase protein obtained following induction of the barley IMP-1-

containing vector. Lane 4, Western blot of purified barley IMP

protein, probed with an anti-His-tag antibody
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mutations is thought to be present throughout seed devel-

opment, and none of these mutations are in the barley

genome’s single MIPS gene (Bowen et al. 2006; Larson

and Raboy 1999; Roslinsky et al. 2007). As a result, Ins

levels in mature whole seed homozygous for lpa2-1, lpa3-

1, or M955, but not lpa1-1, was found to be increased two-

to threefold (Karner et al. 2004).

MIPS and IMP-1 expression at the mRNA level was

analyzed in the developing seeds (10 DAP) of plants

homozygous for these mutations, using quantitative real-

time PCR, and values were normalized to a-tubulin

expression. MIPS expression in developing seed homozy-

gous for lpa2-1, lpa3-1, or M955, but not lpa1-1, was

reduced as compared to wild type, and IMP-1 expression in

all four mutants was reduced in comparison to wild type

(Fig. 7b). The level of reduction appeared fairly propor-

tional to both the decrease in Ins P6 and increase in Ins.

Discussion

The ancestral eukaryotic genome probably contained one

copy of the IMP gene (Shamir et al. 2001). Studies of

0

200

400

600

800

0 5 10 15 20

Time (min)

C
P

M

(A)

myo-inositol-3-P1

myo-inositol 

0

200

400

600

800

0 5 10 15 20

Time (min)

C
P

M

(B)

myo-Inositol

myo-Inositol-3-P1

Fig. 3 Barley recombinant

IMPase activity and Li+

inhibition. (a) Barley

recombinant IMPase catalyzes

the conversion of D/L- myo-

inositol-3-P1 to Ins. The dashed

line is a fractionation of a

reaction mixture (50 mM

HEPES pH 7.5, 0.5 mM D/L-

myo-inositol-3-P1, 25 nCi 14C-

labeled D- myo-inositol(3)P1,

3 mM MgCl2) at time zero prior

to addition of barley

recombinant IMP. The solid line

is a fractionation following

incubation (37�C for 10 min in

a 300-ll total volume) of the

reaction mixture with 1.0 lg of

purified barley recombinant

IMPase. (b) Li+ inhibition of

barley recombinant IMPase.

The dashed line is a

fractionation of a reaction

mixture and incubation identical

to that used in (a) except for the

inclusion of 3 mM LiCl. For

reference, the solid line is the

same reaction products as in (a)
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Fig. 4 Dependence of Li+ inhibition of barley recombinant IMPase

activity on concentration. Coupled-enzyme assays, as were used for

Table 2, used 1.0 ml reaction volumes containing 0.2 mM D/L- myo-

inositol(3)P1, 3 mM MgCl2, 0.1 mM 2-amino-6-mercapto-7-meth-

ylpurine riboside (MESG), 0.1 units of purine nucleotide

phosphorylase, 10 nM IMPase and varying concentrations (0.0 mM,

solid line; 0.5 mM, large dash line; 1.0 mM, small dash line; 2.0 mM,

alternating large/small dash line; 4 mM, large/2 small dash line) of

LiCl. The assay was monitored by measuring the time-dependent

formation of the chromophoric product, 2-methyl-6-mercapto-7-

methylpurine, using a Beckman DU-650 spectrophotometer set at

360 nm. X-axis represents incubation time
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mammalian genomes to date indicate that they contain two

IMP genes, IMPA1 and IMPA2, that resulted from a

duplication event that occurred after the evolutionary

separation of the vertebrate lineage (Shamir et al. 2001).

The two mammalian IMP genes display different patterns

of expression and encode proteins with different physical,

catalytic and regulatory properties (Arai et al. 2007;

Ohnishi et al. 2007). Thus, in this case, the duplication of

the ancestral eukaryotic gene provided substrate for the

evolution of new functionality, a case of ‘‘neo-functional-

ization’’ (Lynch and Katju 2004). Plant genomes studied to

date contain from one (barley and Arabidopsis) to three

(tomato) IMP copies (Gillaspy et al. 1995; Torabinejad and

Gillaspy 2006). The gene duplication event that gave rise

to the tomato’s intronless LeIMP-2 copy occurred after the

divergence of the lineages that gave rise to Arabidopsis and

tomato (Styer et al. 2004). Therefore there is no correlation

between copy number and genome size, since Arabidopsis

has a very small genome (157 MB) whereas barley has a

very large genome (*5,000 MB), nor is there a clear

relation between copy number and fitness, since barley

displays a wide range of adaptation, nor is there strong

evidence for the evolution of new functionality.

In the case of higher plants, new functionality may have

been provided by the inheritance of both IMP and IMP-like

genes. The IMP genes encode proteins that have been

documented to possess both IMPase and L-Gal-1-P phos-

phatase activities (Parthasarathy et al. 1997; Conklin et al.

Table 2 Kinetic parameters for recombinant inositol monophosphatases obtained using myo-inositol-3-P1 as substrate

Organism Km (lM) Vmax (lmol min-1 mg-1) kcat (s-1) Reference

Human 75 ± 3 36.1 ± 1 – McAllister et al. (1992)

Human 43 ± 8 – 24.1 ± 1.3 Pollack et al. (1993)

Bovine 95 ± 20 40.0 ± 3.4 – Leech et al. (1993)

Bovine 100 – 26 Strasser et al. (1995)

Synechocystis 3.4 ± 0.3 0.0333 ± 0.0003 – Patra et al. (2007)

Rhizobium 230 ± 10 3.27 ± 0.02 – Janczarek and Skorupska (2001)

E. coli SuhB 69 ± 10 3.38 ± 0.06 – Chen and Roberts (2000)

Barley 9.7 ± 1.1 0.0903 ± 0.002 1.29 ± 0.1 Present study

57       51       173                  75        55      49                      56     101    57          312 

Barley
(B)(A)

1         2           3                      4         5         6                        7       8        9              10 

129     114           >13558        120      130          2955            80       86   115

Rice

Arabidopsis

114     129          86        176        95          1003            93         88   87

101      56   51       81     104        85            55           44     69      101        57       203 

83    65    124      74       97         141         133        88      80        111     89 

12       57           51           81      105        84            54    45           69     105   57           102 

104       139         969        89         97         151       85      425        72      60    633 

1           2           3          4              5         6                     7           8        9             10 

1        2     3          4        5           6             7              8       9        10         11         12 

1          2             3             4        5           6              7      8             9       10     11              12 

128         51       188       85             55       44                  69         101     57         371 
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Fig. 5 Barley IMP-1 genomic structure and Southern blot determi-

nation of gene copy number. (a) Barley IMP-1 exon–intron structure

was based on the alignment between mRNA sequence AY460570 and

IMP-1 partial genomic DNA sequence amplified from barley leaf

tissues. Boxes represent exons and lines represent introns. :
represents the first methionin codon or the translation stop codon.

The dashed line for barley introns 3 and 6 reflect that sequencing is

incomplete. For more information about intron # 3 and 6 (see Fig. 6c).

Rice IMP exon–intron structure was based on the alignment between

mRNA sequence AK071149 and genomic sequence AC133003

nucleotide No. 182773–185792. Arabidopsis IMP exon–intron struc-

ture was based on the alignment between mRNA sequence AY035150

and genomic sequence AC018363 nucleotide No. 56541–58699.

Tomato IMP exon–intron structure was based on the alignment

between mRNA sequence U39444 and LeIMP-1 genomic DNA

sequence AY227666 (Styer et al. 2004). (b) Southern blot analysis

indicates the barley genome contains one copy of the IMP gene.

(Lane 1) Molecular size markers (Lambda/HindIII fragments).

(Lanes 2–7) Barley genomic DNA was extracted from leaves,

digested with the following restriction enzymes and fractionated in

an agarose gel; (Lane 2) BamH1, (Lane 3) DraI, (Lane 4) EcoRV,

(Lane 5) NcoI, (Lane 6) SacI and (Lane 7) SpeI. The 800 bp partial

barley IMP-1 genomic sequence at the 30-region of the IMP-1 gene

was labeled with (a-32P)dCTP as a probe for the filter hybridization

Plant Mol Biol (2008) 67:629–642 637

123



2006; Laing et al. 2004), and may be bifunctional in vivo,

impacting and perhaps contributing to the coordination of

Ins and galactose metabolism, the latter important to

ascorbic acid synthesis in higher plants. However, this

bifunctionality predates the divergence of mammals and

plants, since it is observed in both lineages.

BAC Clone
~100 kb  

Promoter (1.4 kb)

AATTGCGGCAGGAGGATG 

IMP Genomic Gene (? Kb) 

CTCTACCCGGACCACAAG ATGAATACCCCGTTAGAA 

GGTCCTGATTTGTTGCTA TGCACCGATCCTCAAATA 

--------------------------------------------AGCTTGTTAGTGCATGAAAGCACAAGCAGACAAGAAGCACACCTCCCGCCAATTCGAGGTGGG 

CGATCAAGTTTTCCTCAAACTTTAACCCTACATTCAGTCGTCCGTCGCTCCGCGAGTGAACCACAAGCTCTCGTTCAAGTTCTTTGG 

GCCGTTCCCCATCATCGCCAAGGTTAACGATGTCACGTACAAGTTGTAGTTGCTCGGTTGTCCATTCGATCTTTCACGTCCCTGAGTT 

GAAGAGGGCACTACTGCCGCGTACAACCGTTTCTTCGCACTTGCCAATTCCTGACGATGCACTTGCTATATCAGTGGAGATCCTTCA 

                                                                                                                                                                     -989 

ATCGCGTTAGCGCAAGACAGCCGGGGCCATGGTCGAACATGTCAAGGTCCGTTGATCCGACAACTCTGTTGTGAAAAATACATGGA 

AAGATAAAAACTGTTTTACAAGCTCGCTTTCCGACAACCAAGACTTGGGGCAAACCTATGCACAAGGGAAGGGGCATGTGAGCGC 

GGCTGACATACGTGACCCACCTGTTTGCACTACCGGGCCAAGCGTGGGGAGGCCGAGGCACAACCCGCGGCCCAACTTGCATGTGA 

CCGGTCTCGAGTGGACCTCGTGAAGCCCAAGGCGCGTCGGTATATAAGCGCCTGCCACCGAGGGACTGGATATCTAGAGGGTGCTT 

                                                                                                       -663 

GGATACGTTTAAGTCCCATGACTAAAAATAGTGAGACTAAAACTTGTTAGCCTTACCCATGCTTGGATCCAAATACTAAAGAGACT 

AAAATCAAGTTAATGAGCATTTATTATCCTGCAAACCCTCCAATCCAAAACTTGTCTGAGGAGTTAAATGAGGAGAGAGAGGACTA 

ATGCACATTTTAGTAGGGGTACCCGTGACTAAAAGATTTTAGCCTCAAGACTAGTTTTAGAGGGTGTTTGAATACGTTTTGGTCCCA 

TGACTAAAAGTAGTGAGACTAAAACTTGCTAGCCTCATCCATGCTTGGATCCAAATATTAAAGAGACTAAAATCAAGTTAATGAGC 

Auxin RE 

Heat Shock RE 

Sugar RE 

Sugar RE 

ATTTATTATCCTGCAAACCTTTCAATCCAGAACTCGTGTGAGGAGTTAAATGAGGAGAGAGAGGACTAATGCACATTTTAGTAGGGGTA
CCCTGACTAAAAGATTTTAGTCTTAAGACTAATTTTAGCCTCTCTTTAGTCAGGGGTGCTTGAAACTTTAGCATCCTAAAAAGA 

CTAGTTTTAGTCAGACTAGTTTTAGTCCATTGGATCTAAGCACCCTCTTAGCCTCTATTTAGTCAGGGTGAAATTTAGCCTTCTGAG 

AGTTTTAGTTGATTGGATCCAATCACCCTCGTAGCCCGGCGACGACGGCTACCTGTTCTTCCCCATCTTTCCATCCCCTTTCCCAATTC 

GTGTAATCGTGACTCGAATCGTGTGCCTAATCAATAGATCGAGAGCATCCACTACTAGTCCCTAACATCTGGAGGCGGGAGATTCGGA 

AGCCATG (Methionin) 

Sugar RE

Sugar RE 

CGACG element

Gibberellin RE

Low Temperature RE 

Heat Shock RE 

Sugar RE 

Auxin RE 

-1232 

-1056 

-880

-704

-528

-352

-176

+1 

(A)

(B)

Fig. 6 Barley IMP-1-containing BAC clone sequencing strategy and

sequences of the IMP-1 promoter and the transcribed region. (a)

Sequencing strategy. Primers were designed based on the partial

sequence amplified from the BAC clone and served as the start points

for primer walking for the promoter and transcribed region sequences.

(b) Promoter sequence. The 1.4 kb promoter region was sequenced and

analyzed using PLACE data basetool (Higo et al. 1999, www.dna.affrc.

go.jp/PLACE/). The promoter sequence has been submitted to the

GenBank. Accession # is DQ145527. (c) The IMP genomic sequence.

More than 15 kb of the transcribed region was sequenced and analyzed

using Spidey program (www.ncbi.nlm.nih.gov). It consists of 10 exons

and 9 introns. The intron # 3 and 6 have [13 kb and about 3 kb nts,

respectively. The sequence has been submitted to the GenBank.

Accession numbers are DQ15527 and DQ145528

638 Plant Mol Biol (2008) 67:629–642

123

http://www.dna.affrc.go.jp/PLACE/
http://www.dna.affrc.go.jp/PLACE/
http://www.ncbi.nlm.nih.gov


In higher plants, the new functionality provided by the

expression of both IMP and IMP-like genes, may rather

represent a form of ‘‘sub-functionalization’’, where the

relative contribution to IMPase and L-Gal-1-P phosphatase

activities in various tissues and developmental stages is

subdivided between the various genes. For example, it may

be that the IMP gene products in vegetative tissues function

more as L-Gal-1-P phosphatases, whereas in seed tissues

they contribute to Ins metabolism. The IMP-like genes

perhaps may be more important to constitutive Ins

synthesis, perhaps as part of the ‘‘coupled’’ MIPS/IMPase

pathway, or may act on D-Ins(1)P1, thus functioning in

Ins(1,4,5)P3 signal recycling.

Studies of the kinetic parameters of plant IMPases are

limited in number. Gillaspy et al. (1995) reported that the

three tomato IMPases are Mg2+ dependent and inhibited by

Li+, but studies of the tomato enzyme’s kinetic parameters

such as Km and Vmax have not been reported. More recently

Islas-Flores and Villanueva (2007) purified an IMPase

from soybean embryos and reported that this enzyme, like

ATGGCGGAGGAGCAGTTCCTGGCCGTAGCGGTGGACGCCGCCAAGAGCGCC
(C)

GGCGAGgtaatcctcctaatgaactcgatccgtccctccatcctcctgccgca 

M     A     E      E      Q     F     L     A      A     A     V      D      A    A      K      S      A     G      E                           (Intron # 1)                                  

attgtttctcaggcccactgctcctgatggattcgcgattgcctgttcactcattctgtgaccgatttgtacgccatgcagATCATCCGCAAGAGCTTTTACCTAACCAAGAATGTGGA 

                                                                                                                                   I       I      R     K     S      F    Y     L     T      K    N     V     E 

GCACAAGGGCCAGgtctctcctctcgcctcttcttttccccacgcatgttacctccttttgacgccgctgtccttgattggattgcaatctaatcgtcacggtgctatggattgtggctgctgcagGTGGA 

   H     K     G     Q                                                         (Intron # 2)                                                                                                             V     D    

TTTGGTGACGGAGACGGACAAGGCCTGCGAGGATCTCATCTTCAACCACCTCCGGATGCTCTACCCGGACCACAAGTTCATCGGCGAGGA 

   L    V      T      E     T      D     K      A     C     E      D     L     I      F     N    H     L      R     M     L     Y      P     D     H     K     F     I      G     E      E 

GACGTCTGCAGCCCTTGGCTCCACCGATGACCTCACCTATGACCCTACCTGGATAGTCGACCCCCTCGATGGCACCACgtaacgacgatgttcta 

   T     S     A     A      L    G      S     T     D     D      L     T     Y     D     P    T      W     I      V      D     P     L      D     G      T    T                                 

gtatgcgcactaccattgttttcttgctttcttctaagaac/Intron#3>13kb/gccatctttcaaaaaggcaaagtccctttcttcatcatgcaattttcttttcttattctaaaattgtgcaccttttttttaaatatttcag

CAATTTCGTTCATGGCTTTCCTTTTGTGTGCGTCTCGATTGGCCTCACCATTGGGAAGATTCCCACTGTTGGAGTTGTGTACAACCCCATC 

   N     F    V    H     G      F     P     F    V     C     V     S      I      G      L    T      I      G     K      I      P     T     V    G      V    V     Y     N     P     I        

ATGAATGAGgtaaacattgttactctatttaattttttcttgttttatttgaggatcggtgcaatataatctgggcaaaggaacctggaaaggttttgagtccgatttcatgttttttcttcaattagCTTTTCAC 

M     N      E                                              (Intron # 4)                                                                                                                             L    F    T    

AGCTGTTCGTGGAAAAGGTGCTTTCCTTAATGGTTCTCCAATTAGAAgtaagcacattttttgttgattaggtcctgatttgttgctatacaacagaagaagcaagtcaagatt 

  A     V     R     G      K     G     A     F     L     N    G     S    P      I     R     T                                 (Intron # 5)                                                          

acacagttcttttttcggattgctcgcatgtgttaatttcaatatacacctctcatgtgtagCATCGCCTCAAAATGAGTTGGTGAAGGCTCTTATGGTGACAGAGGTAGG 

                                                                                                     S      P     Q     N    E      L     V     K     A     L     M     V      T     E     V     G 

gttacagacactgtcaaagattatcatttccatgtcattcgc/ Intron # 6:~3kb/aatctaccggaatgttcaattaattaccatattaattgagcaggtag

GACCAAAAGAGACAAGTCCACTTTGGATGATACAACCAACAGAATTAATAAGTTACTATTCAAGgtaaatcctgtaaagtaacatttttatcagagttatttg 

   T     K     R      D    K     S     T      L     D     D    T      T      N    R     I      N    K     L     L     F      K              (Intron # 7)                                     

tagcatgtcaatattctaacggggtattcatttttttcagATTAGATCTATACGTATGTGTGGCTCTTTGGCTCTAAACATGTGTGGAGTTGCTTGTGGTAGGCTA 

                                                               I    R      S      I     R     M    C     G     S      L    A     L      N     M     C    G     V    A      C    G     R     L 

GATTTGTGTTATGAGATCGGTTTTGGTGGCCCCTGgtattgttaccaaattattaacgattgtcttacatggaaaatatataaaccaaatgtaacagctaattgttattttttcctctagG 

D     L     C    Y     E      I      G     F   G     G      P     W                                      (Intron # 8)                                                                                  

GATGTGGCTGCTGGAGCTTTGATTCTAAAGGAAGCAGGGGGTTTTGTTTTTGATCCgtaagttgtcaaatttgtcaatactgtatggctggctcttgctatcatagtac 

D     V     A     A     G      A     L      I      L     K      E    A      G     G      F    V     F    D     P                                (Intron # 9)                                   

ataatttgatgagatttttttccatttcttgttgtacattttctttcattttgacttttagGAGCGGTGATGAGTTTGATCTGATGGCGCAAAGAATGGCCGGATCAAATGGCCAC 

                                                                                         S     G     D     E      F    D     L     M     A      Q     R      M   A     G      S    N     G    H 

CTCAAGGATCAGTTCATCGAAGCATTGGGAGATGCAAGCTGAATAACTTATTTCGTCAAGTAGAATGAAAGAATGTACGATGGCCCCACCA 

L    K     D     Q      F     I      E      A     L     G     D     A      S      * 

ATAAGTAATTAAGGGCTAATTTTCGTGTAGTTCTACGTGAACGCTATGCATATTTTGCAAACATGGTGGATGTAATGACATGTCGATATATT 

GCTCGTTTTATTGACCATGCAAGTAATTCATGCTTGCAGGCGATGAAATGGCTCGTAAGCTACAATTCCCTCCT  

Fig. 6 continued
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many IMPases, has a broad substrate specificity including

activity against Ins P6, concluding that the soybean IMPase

may play an important role in phosphate metabolism dur-

ing germination. Islas-Flores and Villanueva (2007)

reported a Km for the soybean IMPase against sodium

pyrophosphate, so the value obtained (235 lM) cannot be

directly compared with IMPase Km values against Ins(3)P1,

as reported here and in most other studies.

Recently Patra et al. (2007) isolated sequences encoding

an IMPase from the cyanobacterium Synechocystis

sp. PCC6803, and studied the catalytic properties of the

recombinant protein. This enzyme is similar to other

IMPases in that its activity is Mg2+ dependent and inhibited

by Li+, and in that it recognizes a broad range of substrates

including D/L-Ins(3)P1, fructose1,6-bisP, fructose 6-P,

fructose 2,6-bisP, and sucrose 6-P, but its activity against

these later substrates was less than 5% of the maximum

activity found with D/L-Ins(3)P1. The most notable finding

of Patra et al. (2007) was that the Synechocystis recombi-

nant IMPase displayed a relatively high affinity for D/L-

Ins(3)P1 (Km = 3.4 lM), coupled with a relatively low

maximal velocity (Vmax = 0.0333 lmol min-1 mg-1), as

compared with the Km and Vmax values observed for

recombinant IMPases from mammalian sources (Table 2).

Patra et al. (2007) conclude that these properties make the

Synechocystis enzyme ideal to serve in a coupled reaction

with MIPS for the production of Ins.

Data reported here indicate that the kinetic properties of

the barley IMPase are similar to those of the Synechocystis

enzyme, in that relative to data reported for the mammalian

enzymes, it has a higher affinity for D/L-Ins(3)P1 but a

lower overall reaction rate. This is supported by compari-

sons where available of kcat values, where kcat = Vmax/

total enzyme concentration. The barley IMPase kcat is

approximately 20-fold less than values obtained for human

or bovine IMPases (Table 2). The barley IMP-1-encoded

IMPase’s affinity for Ins(3)P1 as substrate is greater than

the reported affinities of the Arabidopsis ‘‘L-Gal-1-P

phosphatases/IMPases’’ for L-Gal-1-P (Laing et al. 2004).

Thus its catalytic properties indicate that the barley enzyme

could function in Ins synthesis, but its activity against

L-Gal-1-P and its role in ascorbic acid synthesis requires

further study. In any case, relative differences in catalytic

properties, even ‘‘fold-differences’’ in Km or Vmax values,

do not definitively point to different biological roles. More

definitive results would come from genetic analyses. Phe-

notypic characterization, including measurement of tissue

Ins and ascorbic acid levels in lines homozygous for

recessive alleles of these various genes and gene combi-

nations, would greatly illuminate the relative roles of these

genes and gene products. This type of genetics approach

definitively demonstrated that Arabidopsis VTC4 encodes a

protein with L-Gal-1-P phosphatase activity important to

vegetative ascorbic acid synthesis, but the role of this

protein as an IMPase in vegetative or seed Ins metabolism

has not been reported. Similarly, while barley IMP-1 is

expressed in both vegetative and seed tissues, what con-

tribution does this make to net seed Ins synthesis and seed

Ins P6?

The proteins encoded by IMP genes are relatively highly

conserved among eukaryotes, with sequence similarity

typically 70% or greater in species ranging from human,

mouse, Xenopus, and Drosophila, to tomato, Arabidopsis

and barley (Shamir et al. 2001; Fig. 1). Divergence in

genomic sequence is therefore primarily in promoter

sequences, in intron sequence and size, and to a lesser

extent in intron/exon structure, as is evident for the plant

species in Fig. 5a. The most notable difference in the genes

in Fig. 5a is the presence of two large introns in the barley

gene, as compared either with the relatively closely related

rice, or more distantly related tomato and Arabidopsis

Fig. 7 Expression of IMP-1 in barley tissues. (a) Spatial (leaf, seed

and root) expression analysis of MIPS and IMP-1 genes. Leaf and

root RNA was extracted from 4 weeks old plants. Seed RNA was

extracted from seed tissues at an early development stage (10 DAP).

The relative mRNA levels were calculated using quantitative RT-

PCR and 2-DDCt method (Livak and Schmittgen 2001). (b) Expres-

sion analyses of MIPS and IMP-1 genes in wild type and low phytic
acid (lpa) barley genotypes. RNA was extracted from seed tissues of

early development stage of wild type, lpa1-1, lpa2-1, lpa3-1, and M

955 isolines. Quantitative real-time PCR was conducted as described

in the section ‘‘Materials and methods.’’ Levels of inositol and

inositol phosphates, including all inositol phosphates detected with

HPLC, in mature whole seed of each genotype, were from Dorsch

et al. (2003) and Karner et al. (2004). Each bar represents the mean of

three replicates with the indicated standard deviation of the mean
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genes. The origin of the barley IMP-1 gene’s large

Intron 3, which appeared after the relatively recent diver-

gence of rice and barley, is unknown at present. There is a

precedent for the presence of large introns in closely

related members of an IMP gene family. The two copies of

IMP genes in the human genome are nearly identical,

except that the human IMPA2 gene contains a 10 kb

intron 3 whereas the IMPA1 copy contains a 1.4 kb

intron 3, and the IMPA1 copy contains a 10.6 kb intron 7

whereas IMPA2 contains a 0.7 kb intron 7 (Shamir et al.

2001; Sjøholt et al. 1997, 2000). The possible impact of

these large introns on gene expression or organismal fitness

is unknown.

Observations from sequence analysis of the barley IMP-1

promoter are reminiscent of observations made following

sequence analysis of the human IMPA1 and IMPA2 genes.

Both the barley gene and the human IMPA2 genes contain

promoters and/or other untranslated sequences that have

characteristics of house-keeping genes as well as cis-acting

response elements important to metabolic regulation (Yos-

hikawa et al. 2000). Thus both the barley IMP-1 and the

human IMPA2 genes may be ‘‘TATA-less’’ while also con-

taining regulatory elements such as the barley promoter’s

sugar-response elements (SUREs), and the human IMPA2

gene’s ‘‘inositol/choline responsive element’’ (ICRE; Sjø-

holt et al. 2000). The presence of SUREs may indicate that

barley IMP-1 gene expression is regulated by sugar status in

plant cells, a regulation in keeping with its potential role in

both Ins and galactose metabolism. Analysis of IMP-1

expression during seed development in barley lpa mutants

indicates sensitivity to Ins levels. These analyses indicate the

barley IMP-1 expression is similar to human IMPA in that it

is constitutive, but that this constitutive expression may also

be modulated in response to metabolic or stress-response

needs. Further studies are needed to test the responsiveness

of the barley IMP promoter to varying levels of sugars and

Ins.
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